Raf-1 is an important effector of Ras mediated signaling and is a critical regulator of the ERK/MAPK pathway. Raf-1 activation is controlled in part by phosphorylation on multiple residues, including an obligate phosphorylation site at serine 338. Previously PAK1 and casein kinase II have been implicated as serine 338 kinases. To identify novel kinases that phosphorylate this site, we tested the ability of group II PAKs (PAKs 4-6) to control serine 338 phosphorylation. We observed that all group II PAKs were efficient serine 338 kinases, although only PAK1 and PAK5 significantly stimulated Raf-1 kinase activity. We also showed that PAK5 forms a tight complex with Raf-1 in the cell, but not A-Raf or B-Raf. Importantly, we also demonstrated that the association of Raf-1 with PAK5 targets a subpopulation of Raf-1 to mitochondria. These data indicate that PAK5 is a potent regulator of Raf-1 activity and may control Raf-1 dependent signaling at mitochondria.
R af family protein kinases are key effectors of Ras mediated signaling. Three Raf isoforms exist in mammals that are differentially expressed, Raf-1, A-Raf and B-Raf [O'Neill and Kolch, 2004; Baccarini, 2005] . The activation mechanism of Raf enzymes is complex and differs between isoforms. Growth factor mediated activation of Raf-1 requires binding to active Ras, release of the adaptor protein 14-3-3 from an amino-terminal binding site, and an increase in the phosphorylation of at least four distinct residues . Two of these residues, serine 338 and tyrosine 341, are located adjacent to the catalytic domain and contribute to Raf-1 activation by blocking the function of an amino-terminal autoinhibitory domain Tran and Frost, 2003] . The other two residues, threonine 491 and serine 494, are contained within the activation loop of the catalytic domain and contribute directly to Raf-1 kinase activation [Chong et al., 2001] . Although not sufficient for Raf-1 activation, phosphorylation of serine 338 is critically important for Raf-1 activation since mutation of this site to a non-phosphorylatable residue blocks activation by growth factors and constitutively active Ras Chaudhary et al., 2000; Xiang et al., 2002] .
Because of the importance of serine 338 phosphorylation to Raf-1 activation, the identification of kinases responsible for its phosphorylation is an area of considerable interest. Recent work indicates that p21 activated kinases (PAK) 1-3 can phosphorylate this site in vitro and in cells [King et al., 1998; Zang et al., 2002; Tran and Frost, 2003; Beeser et al., 2005; Jin et al., 2005] . PAKs are serine/ threonine kinases that are classified into two subfamilies, known as group I and group II [Jaffer and Chernoff, 2002; Bokoch, 2003] . Group I PAKs (PAKs 1-3) are highly related and are activated by binding to active Rac1 or Cdc42. Group II PAKs (PAKs 4-6) are less homologous, bind to active Cdc42 but not active Rac1, and unlike group I PAKs, their kinase activities are not stimulated by binding to Cdc42. Group II PAKs also play distinct roles within the cell. For example, PAK4 and PAK5 regulate distinct aspects of cell survival while PAK6 regulates androgen receptor activity [Gnesutta et al., 2001; Yang et al., 2001; Lu et al., 2003; Cotteret and Chernoff, 2006] . Past work indicates that group I PAKs control Raf-1 activation in response to many but not all cellular stimuli. For example, expression of kinase-inactive forms of PAKs 1-3 blocks Raf-1 activation following exposure to nocodazole or binding to integrins, but not after stimulation with EGF [Chaudhary et al., 2000; Chiloeches et al., 2001; Zang et al., 2001] . Similarly, inhibition of group I PAK activity by RNAi or by expression of the PAK1 autoinhibitory domain blocks the phosphorylation of Raf-1 on serine 338 in response to PDGF but not EGF [Beeser et al., 2005] . Casein kinase II has also been shown to phosphorylate serine 338 in response to EGF [Ritt et al., 2007] . Thus, multiple kinases may contribute to the phosphorylation of Raf-1 on serine 338 in response to distinct stimuli. To identify novel serine 338 kinases we examined whether group II PAKs could phosphorylate this site on Raf-1. Our results indicate that PAK5 is a highly robust serine 338 kinase that potently stimulates Raf-1 activity and can target Raf-1 to mitochondria.
MATERIALS AND METHODS
CELLS, PLASMIDS, AND ANTIBODIES HEK293 cells were maintained and transfected as described [Tran and Frost, 2003] . HA-tagged wt Raf-1, Flag-tagged wt Raf-1 and Raf-1 S 338 A, and Myc tagged constitutively active PAK1 L 107 F, were as described [Frost et al., 1997; Tran and Frost, 2003] . Constitutively active PAK4, PAK5, and PAK6 (S 445 N, S 573 N, and S 531 N, respectively) were created by PCR using Pfu polymerase (Stratagene).
Wild-type and constitutively active PAK4 and PAK6 were in pCMV5M. HA-tagged wt PAK1 or PAK1 K 299 A were as described [Brown et al., 1996] . Myc-tagged wt PAK5, kinase-inactive PAK5 K 478 M, and constitutively active PAK5 were in pcDNA3.1 [Pandey et al., 2002] . The kinase-inactive PAK5 catalytic domain (K 478 M; residues 418-719) was amplified from the full length PAK5 K 478 M using Pfu polymerase and subcloned into pCMV5M. All cDNA constructs were sequenced to confirm correct amplification. The following antibodies were used: mouse anti-pSer 338
Raf-1 (Upstate Biotechnology); mouse anti-Myc (National Cell Culture Center); mouse anti-Flag M2 (Sigma); mouse anti-Porin (Calbiochem); rabbit anti-MEK1 pSer218/222, mouse anti-pERK1/2; rabbit anti-ERK1/2 (Cell Signaling Technologies); mouse anti-Raf-1, mouse anti-A-Raf (BD Biosciences); rabbit anti-Raf-1, rabbit anti-A-Raf, mouse anti-B-Raf, rabbit anti-SOD-1, mouse anti-HA, mouse anti-GAPDH and mouse anti-MEK1 (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse antibodies were from KPL. Western blots were developed using enhanced chemiluminescence and X-Ray film.
Raf-1 KINASE ASSAYS AND CO-IMMUNOPRECIPITATION For Raf-1 kinase assays HEK293 cells were transiently transfected with Flag-tagged wt Raf-1 and different amounts of constitutively active PAKs. Cells were then starved in media without serum overnight, washed with PBS and lysed in Triton lysis buffer [Tran et al., 2005] . Insoluble proteins were pelleted and Flag-tagged Raf-1 was immunoprecipitated as described [Tran and Frost, 2003] . Half of the immune complex was tested for Raf-1 kinase activity towards recombinant, GST-MEK1 (2 mg per reaction) [Tran et al., 2005] .
Kinase reactions were for 30 min at 308C in kinase buffer [Tran and Frost, 2003 ]. Reactions were stopped by adding 2Â Laemmli sample buffer. Phosphorylation of MEK1 was detected by Western blotting using anti-MEK1 pSer218/222. Raf-1 in the immunoprecipitates was detected by Western blotting.
For co-immunoprecipitation assays cells were lysed in Triton lysis buffer and insoluble proteins were pelleted by centrifugation [Tran and Frost, 2003] . The supernatants were incubated with the appropriate antibody plus Protein A-Sepharose for 2 h at 48C. Immunoprecipitates were washed with lysis buffer and proteins were identified by Western blotting. When necessary the Triton-insoluble fraction was extracted with SDS lysis buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 2.0% SDS, 50 mM NaF, 80 mM b-glycerophosphate, 1 mM sodium orthovanadate, 10 mg/ml aprotinin, 10 mg/ml pepstatin A, 2 mg/ml aprotinin, 1 mM PMSF). When appropriate, protein concentrations were determined by bicinchoninic acid protein assay (BCA)(Pierce) and equal amounts of lysate were analyzed.
To test for co-immunoprecipitation of endogenous PAK5 with Raf-1 from adult rat brain, a single, freshly extracted brain was homogenized in hypotonic lysis buffer (50 mM Tris-HCl (pH 7.4), 50 mM NaF, 80 mM b-glycerophosphate, 1 mM sodium orthovanadate, 1 mM EDTA, 1 mM DTT, 10 mg/ml pepstatin A, 10 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mM PMSF). Triton X-100 was then added to a final concentration of 1%, and after incubation on ice for 10 min insoluble proteins were pelleted by centrifugation (10,000g, 10 min, 48C). Five milligrams of lysate were then immunoprecipitated with 2 mg of rabbit anti-Myc, rabbit anti-Raf-1 or rabbit anti-A-Raf antibodies plus 40 ml of Protein A-Sepharose. Precipitates were washed three times with wash buffer (1% Triton X-100, 20 mM Tris-HCl (pH 8.0), 100 mM NaCl), resuspended in 2Â Laemmli sample buffer, resolved by SDS-PAGE and transferred to PVDF membrane. Co-precipitation of endogenous PAK5 was detected using a PAK5 antibody previously described [Wu and Frost, 2006] .
INDIRECT IMMUNOFLUORESCENCE
To test for co-localization of Raf-1 and PAK5, HEK293 cells were plated on glass cover slips pre-coated with 25 mg/ml fibronectin (Sigma), and then transfected with expression vectors for Flagtagged wt Raf-1 and Myc-tagged wt PAK5, alone or together. After serum starvation for 24 h the cells were fixed with 3.7% paraformaldehyde in PBS for 10 min at 378C, and then permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature. The cells were then incubated at 378C for 1 h with rabbit anti-Raf-1 and mouse anti-Myc antibodies diluted to 2 mg/ml in PBS þ 0.05% Tween-20 (PBST) þ 1% BSA. After washing with PBST the cells were incubated for 1 h at 378C with Cy2-conjugated donkey anti-mouse, Cy3-conjugated donkey anti-rabbit (2.5 mg/ml each) and DAPI (0.5 mg/ml), each diluted in PBST þ 1% BSA. After washing, the cells were mounted on glass slides using FluorSave reagent (Calbiochem).
To determine whether PAK5 co-expression caused Raf-1 relocalization to mitochondria, cells were transfected as described above and incubated with 1 mM MitoTracker Green (Invitrogen) for 1 h prior to fixation. The cells were fixed and permeabilized as described, and then incubated with rabbit anti-Raf-1 diluted in PBST þ 1% BSA for 1 h at 378C. After washing the cells were incubated with Cy3-conjugated donkey anti-rabbit and DAPI, and mounted on glass slides, as described above. In all experiments cells were visualized using a Zeiss Axiophot epifluorescence microscope and images were captured using Axiovision software (Zeiss).
SUBCELLULAR FRACTIONATION
Mitochondrial fractionation was performed using differential centrifugation [Graham and Rickwood, 1997] . HEK293 cells were scraped into PBS containing protease inhibitors (5 mg/ml of pepstatin A, 5 mg/ml of leupeptin, 1 mg/ml of aprotinin, 0.5 mM of PMSF) and pelleted by centrifugation (400g, 5 min, 48C). Cells were resuspended in four volumes of Buffer A (0.15 mM of MgCl 2 , 10 mM KCl, 10 mM Tris-HCl (pH 6.7), 25 mM NaF, 1 mM Na 3 VO 4 , 5 mg/ml of pepstatin A, 5 mg/ml of leupeptin, 1 mg/ml of aprotinin, 0.5 mM of PMSF) and lysed with a Dounce homogenizer. Sucrose was added to the homogenate (250 mM final concentration) and the homogenate was centrifuged (1,500g, 5 min, 48C). The supernatant was recentrifuged (4,000g, 10 min, 48C) and the pellet, which corresponded to the mitochondria-enriched fraction, was washed with Buffer B (0.15 mM MgCl 2 , 10 mM Tris-HCl (pH 6.7), 250 mM sucrose) and resuspended in SDS lysis buffer. The supernatant containing the cytosolic and membrane fractions was collected and saved, or was centrifuged (100,000g, 45 min, 48C) to isolate the cytosolic fraction. Protein concentrations in each fraction were determined by BCA assay.
RESULTS
PAK5 PHOSPHORYLATES Raf-1 ON SERINE 338 AND STIMULATES Raf-1 ACTIVITY To determine whether group II PAKs (PAKs 4-6) are able to regulate Raf-1 activation, HEK293 cells were transfected with Flag-epitope tagged, wild-type (wt) Raf-1 and different amounts of Mycepitope tagged, constitutively active PAKs 4, 5, and 6. Constitutively active PAK1 was co-expressed with Raf-1 as a positive control for Raf-1 activation [Tran and Frost, 2003] . After serum-starvation the Raf-1 was immunoprecipitated and tested for phosphorylation on serine 338 as well as for kinase activity towards recombinant GST-MEK1. In these assays MEK1 phosphorylation was measured by Western blotting using an antibody specific for the Raf-1 phosphorylation sites on MEK1. As expected, expression of constitutively active PAK1 strongly enhanced the phosphorylation of Raf-1 on serine 338 in cells and stimulated the kinase activity of Raf-1 towards MEK1 in vitro (Fig. 1) . Surprisingly, each of the group II PAKs were also efficient serine 338 kinases, exhibiting activities that were as good as or better than PAK1 (top panel, lysate, lanes 3-10). This was not due to an intrinsic difference in their degree of activation, since each PAK protein exhibited an equal activity towards the generic kinase substrate myelin basic protein in vitro (data not shown). Importantly, although each group II PAK phosphorylated serine 338 of Raf-1, only PAK5 effectively stimulated Raf-1 activation (top panel, compare lanes 5-10). The reason for this difference in ability to activate Raf-1 is not clear, but presumably indicates that PAK5, similar to PAKs 1-3, can regulate other aspects of the Raf-1 activation mechanism that are, as yet, unknown. Nevertheless, these data do indicate that PAK5 has the greatest potential among group II PAKs to regulate Raf-1 activation in cells, and also support the notion that phosphorylation of Raf-1 on serine 338 is necessary but not sufficient for Raf-1 activation [Beeser et al., 2005] .
PAK5 BINDS TIGHTLY TO Raf-1 AND TARGETS Raf-1 TO MITOCHONDRIA It has been shown that PAK1 binds to Raf-1 and that this interaction is required for PAK1-mediated Raf-1 activation . Since we observed that expression of constitutively active PAK5 activated Raf-1, we examined whether PAK5 also bound to Raf-1. HEK293 cells were transfected with wt Raf-1 and either Myc-tagged wt PAK5 or HA-tagged wt PAK1. After serum starvation the PAK proteins were immunoprecipitated with Myc-or HA-epitope specific antibodies and tested for the co-precipitation of Raf-1 by Western blotting. As shown in Figure 2A , Raf-1 efficiently co-precipitated with wt PAK5 from quiescent cells (top panel, lane 4). Under the same conditions we were unable to detect the co-precipitation of Raf-1 with wt PAK1 (top panel, lane 8), suggesting that PAK5 had a higher affinity for Raf-1 than PAK1. To determine whether the kinase activity of PAK5 was important for interaction with Raf-1, we also examined whether the kinase-inactive PAK5 catalytic domain (PAK5 CAT K/M) interacted with Raf-1. We observed that Raf-1 more readily co-precipitated with kinase-inactive PAK5 than kinase-inactive PAK1 (PAK1 K/A) (Fig. 2B, compare lanes 4 and  8) . These results indicate that the kinase activity of PAK5 is not required for interaction with Raf-1, and also suggest that PAK5 displays a higher affinity for Raf-1 than PAK1. To verify the interaction between PAK5 and Raf-1, HEK293 cells were transfected with expression vectors for each protein and then analyzed for their localization by indirect immunofluorescence. As shown in Figure 3A , Raf-1 was localized to the cytoplasm when expressed alone (top row). On the other hand, when expressed alone wt PAK5 tended to localize in a punctate pattern that was concentrated within the perinuclear space (middle row). This is not surprising given that PAK5 has been reported to localize to mitochondria in transfected cells [Cotteret et al., 2003; Cotteret and Chernoff, 2006; Wu and Frost, 2006] . Importantly, when Raf-1 was co-expressed with PAK5 the two proteins co-localized in a punctate staining pattern within the cytoplasm of cells, with a concentration of staining within the perinuclear space (yellow staining, bottom row). Thus, these data confirm that PAK5 and Raf-1 interact in cells.
To determine whether co-expression of PAK5 was targeting Raf-1 to mitochondria, HEK293 cells were transfected with Raf-1 alone or together with wt PAK5. The cells were then stained for expression of Raf-1 and for mitochondria using the mitochondrial dye MitoTracker Green. As shown in Figure 3B , when expressed alone Raf-1 was localized throughout the cytoplasm with a minor degree of colocalization with mitochondria. On the other hand, co-transfection of PAK5 with Raf-1 clearly caused a relocalization of a portion of the expressed Raf-1 to mitochondria, with co-localization concentrated within a region adjacent to the nucleus. Interestingly, perinuclear concentration of mitochondria was not observed when Raf-1 or PAK5 were expressed alone, suggesting that PAK5 and Raf-1 may co-regulate the subcellular distribution of mitochondria. We also observed by subcellular fractionation that co-expression of PAK5 targeted a portion of the co-transfected Raf-1 to mitochondria (Fig. 5) . Taken together these data demonstrate that PAK5 co-expression targets a subpopulation of Raf-1 to the mitochondria. These data also suggest that the combined effect of Raf-1 and PAK5 expression may affect mitochondrial dynamics.
PAK5 IS UNIQUE AMONG GROUP II PAKs FOR INTERACTION WITH Raf-1 AND DOES NOT BIND TO OTHER Raf FAMILY MEMBERS
We then examined whether the interaction of PAK5 with Raf-1 was unique among group II PAKs, and whether other Raf family members interacted with PAK5. HEK293 cells were transfected with Myc-tagged, wild-type forms of PAK4, PAK5, and PAK6, alone or together with Flag-tagged wt Raf-1. The PAK proteins were then immunoprecipitated and tested for co-precipitation of Raf-1. As shown in Figure 4A , Raf-1 efficiently co-precipitated with wt PAK5, but not with wt PAK4 or wt PAK6 (compare lanes 6-8). Thus, the interaction between PAK5 and Raf-1 is specific among group II PAKs. To determine whether PAK5 interacted with other Raf isoforms HEK293 cells were transfected with Flag-tagged wt Raf-1, A-Raf or B-Raf, alone or in combination with Myc-tagged wt PAK5. The PAK5 was then immunoprecipitated and tested for the co-precipitation of each Raf protein. As shown in Figure 4B , both endogenous and overexpressed Raf-1 co-precipitated with wt PAK5 (lanes 2 and 4, respectively). However, neither endogenous nor transfected A-Raf or B-Raf co-precipitated with PAK5. These data indicate that PAK5 uniquely interacts with Raf-1 in cells.
To determine whether endogenous PAK5 and Raf-1 interact in tissues, we tested whether these proteins co-immunoprecipitate from rat brain. This tissue was chosen because PAK5 has been shown to be mainly expressed in the brain and in neuroendocrine tissues Pandey et al., 2002] . Endogenous Raf-1 or A-Raf were immunoprecipitated from a Triton X-100 soluble fraction of adult rat brain and then tested for the co-precipitation of endogenous PAK5. As shown in Figure 4C , endogenous PAK5 coprecipitated with Raf-1 (top panel, lane 2) but not with a control rabbit antibody or with an antibody specific for A-Raf (lanes 1 and 3, respectively). Thus, endogenous PAK5 interacts with Raf-1 but not A-Raf in the adult rat brain. Taken as a whole these experiments indicate that PAK5 selectively interacts with Raf-1 in cells and in native tissue, and that this interaction is unique among group II PAKs.
PAK5 TARGETS Raf-1 TO MITOCHONDRIA INDEPENDENTLY OF Raf-1 PHOSPHORYLATION ON SERINE 338
Since PAK1 has been shown previously to stimulate Raf-1 relocalization to mitochondria in a serine 338 phosphorylation dependent manner [Jin et al., 2005] , we examined whether the ability of PAK5 to stimulate mitochondrial localization of Raf-1 was also serine 338-dependent. HEK293 cells were transfected with Flagtagged wt Raf-1 or Raf-1 S 338 A, plus or minus Myc-tagged wt PAK5.
After serum starvation the cells were separated into mitochondrial and cytoplasmic fractions and the presence of Raf-1 in each fraction was examined by Western blotting. As expected, very little wt Raf-1 was detected in the mitochondrial fraction when expressed alone (Fig. 5A, top panel, lanes 1-3) . However, co-expression of wt PAK5 significantly enhanced the mitochondrial localization of Raf-1 and dramatically increased its phosphorylation on serine 338 (lane 4, top and middle panels, respectively). Importantly, co-expression of wt PAK5 also stimulated a significant increase in the association of Raf-1 S 338 A with mitochondria. Thus, these data indicate that expression of wt PAK5 targets Raf-1 to mitochondria, and that this is largely independent of Raf-1 phosphorylation on serine 338. These data also indicate that the mechanism by which PAK5 targets Raf-1 to mitochondria is distinct from that of PAK1.
To confirm that the S 338 A substitution in Raf-1 did not affect the ability of PAK5 to bind to Raf-1, we examined the ability of this Raf-1 mutant to co-immunoprecipitate with PAK5. Wild-type Raf-1 or Raf-1 S
338
A were transfected into HEK293 cells with or without wt PAK5. After serum starvation the PAK5 was immunoprecipitated and examined for the co-precipitation of Raf-1. As shown in Figure 5B , both wt Raf-1 and Raf-1 S 338 A coprecipitated with wt PAK5 (lanes 4 and 6, top panel) . Thus, although the co-precipitation of Raf-1 S 338 A with PAK5 was slightly less efficient than for wt Raf-1, these data indicate that mutation of serine 338 to alanine did not significantly impair the interaction between PAK5 and Raf-1. We also examined whether the kinase activity of PAK5 was required for mitochondrial targeting of Raf-1. HEK293 cells were transfected with HA-epitope tagged Raf-1 plus Myc tagged wt PAK5, kinase-inactive full length PAK5 (PAK5 K/M), or the kinaseinactive catalytic domain of PAK5 (PAK5 CAT K/M). The cells were then fractionated into mitochondrial and cytosolic/membrane fractions, and tested for the presence of Raf-1 and PAK5 proteins. In these assays we observed that each PAK5 protein was preferentially expressed in the mitochondrial fraction, and that the targeting of full length PAK5 proteins to mitochondria was more efficient than for the isolated PAK5 catalytic domain (Fig. 5C ). These data are consistent with there being multiple N-and C-terminal mitochondrial targeting sequences within PAK5 [Cotteret and Chernoff, 2006; Wu and Frost, 2006] . Importantly, each PAK5 construct was able to target Raf-1 to mitochondria (lanes 3-5). Interestingly, wt PAK5 was more effective at targeting of Raf-1 than either kinase-inactive version of PAK5, presumably because wt PAK5 interacted more tightly with Raf-1 than kinase-inactive PAK5 (Fig. 5B) . Nevertheless, these data indicate that the kinase activity of PAK5 is not required for Raf-1 relocalization to mitochondria, and support our observation that phosphorylation of Raf-1 on serine 338 is not required for PAK5-dependent mitochondrial targeting of Raf-1. 
PAK5 EXPRESSION DOES NOT POTENTIATE EGF-STIMULATED ERK/MAPK ACTIVATION
We then examined whether expression of PAK5 affected the ability EGF to stimulate Raf-1 phosphorylation on serine 338, and if this affected ERK/MAPK activation in the cytosol or at the mitochondria. EGF is a strong activator of the ERK/MAPK pathway in HEK293 cells [Tran et al., 2005] . Since these cells do not normally express PAK5, we tested the ability of overexpressed PAK5 to potentiate EGFmediated Raf-1 activation. HEK293 cells were transfected with Flagtagged wt Raf-1 along with empty vector, Myc-tagged wt PAK5 or Myc-tagged constitutively active PAK5. After serum-starvation the cells were stimulated with EGF for 5 min, lysed and then separated into mitochondrial and cytoplasmic fractions. The phosphorylation of Raf-1 on serine 338 and the activation of ERK1/2 were then monitored by Western blotting. As shown in Figure 6 , stimulation of cells with EGF caused an increase in the phosphorylation of Raf-1 on serine 338 in the cytoplasmic fraction that was accompanied by a strong activation of both ERK1 and ERK2 (lane 8). Furthermore, coexpression of wt PAK5 did not significantly alter Raf-1 phosphorylation or ERK activation in the cytosolic fraction (compare lanes 9 and 10). On the other hand, co-expression of constitutively active PAK5 caused a very strong phosphorylation of cytoplasmic Raf-1 on serine 338 that was not further stimulated by addition of EGF (compare lanes 11 and 12), indicating that PAK5 could access Raf-1 in this fraction. This suggests that PAK5 cannot contribute to EGFdependent Raf-1 or ERK activation in the cytoplasm. Importantly, when we assayed for Raf-1 serine 338 phosphorylation in the mitochondrial fraction we observed that EGF was a very poor activator of Raf-1 in this fraction, and that expression of constitutively active PAK5 caused a robust, EGF-independent phosphorylation of Raf-1 on serine 338 (lanes 1-6). Taken as a whole, these results indicate that PAK5 is an efficient Raf-1 kinase, but that its expression is not limiting for EGF-stimulated Raf-1 and ERK/ MAPK pathway activation in these cells.
DISCUSSION
In the present work we have shown that PAK5 is unique among group II PAKs in that it efficiently phosphorylates Raf-1 on a key activating site, serine 338, and also stimulates Raf-1 activity. We have also shown that PAK5 forms a tight complex with Raf-1, but not A-Raf or B-Raf, and that this interaction occurs between the endogenous proteins in the adult rat brain, where both PAK5 and Raf-1 are expressed. We have also shown that the targeting of Raf-1 to mitochondria by PAK5 is independent of phosphorylation on serine 338, and does not require PAK5 kinase activity. Thus, these data identify PAK5 as a novel Raf-1 kinase that may control Raf-1 activation, primarily at mitochondria. The ability of PAK5 to phosphorylate Raf-1 on serine 338 was not unique among group II PAKs, and in fact all of the PAKs we examined stimulated Raf-1 phosphorylation on this site. However, among the group II PAKs, only PAK5 efficiently stimulated Raf-1 activation in our hands. The explanation for why PAK4 and PAK6 were robust serine 338 kinases and yet failed to significantly stimulate Raf-1 activity is not clear. Phosphorylation of Raf-1 on serine 338 has previously been suggested to be necessary but insufficient for Raf-1 activation, and our data would support that conclusion [Beeser et al., 2005] . The Raf-1 activation mechanism is complex and is minimally thought to involve the binding of active Ras, the dephosphorylation of serine 259 by PP2A and subsequent release of 14-3-3 from this site, and the phosphorylation of Raf-1 on serine 338, tyrosine 341, threonine 491 and serine 494. Thus, it is possible that PAK5 uniquely contributes to Raf-1 activation by influencing Raf-1 phosphorylation at sites other than serine 338. It is also possible that PAK5 alters the interaction of Raf-1 with one or more phosphatases that may downregulate its activity. The distinctive capacity of PAK5 to form a tight complex with Raf-1 in the cell may also contribute to its ability to stimulate Raf-1 activity.
An important observation of the present work is that PAK5 targets a subpopulation of Raf-1 to mitochondria. Since this activity did not require the presence of serine 338 in Raf-1 this mechanism of targeting appears to be dissimilar from that of PAK1, which relocalizes Raf-1 to the mitochondria by stimulating its association with Bcl2 in a serine 338/serine 339 dependent manner [Jin et al., 2005] . In this regard we have been unable to show that PAK5 expression causes Raf-1 to interact with transfected or endogenous Bcl2 in cells, thus further differentiating PAK5-dependent mitochondrial targeting from PAK1 (data not shown). PAK5 localizes to mitochondria by virtue of two separate mitochondrial targeting signals in the N-and C-terminus of the protein, and when Fig. 6 . Expression of PAK5 does not potentiate EGF-stimulated ERK/MAPK pathway activation in HEK293 cells. HEK293 cells were transfected with Flag tagged wt Raf-1, minus or plus Myc-tagged wt PAK5 or Myc tagged constitutively active PAK5. After serum starvation the cells were stimulated with EGF for 5 min (50 ng/ml). The cells were then lysed and separated into cytosolic and mitochondrial fractions. Equal amounts of protein from each fraction were separated by SDS-PAGE, transferred to PVDF membrane. The localization and phosphorylation of Raf-1 and ERK1/2 and PAK5 proteins were determined by Western blotting. Shown is a representative experiment from three independent experiments. overexpressed in cells at least of portion of the PAK5 localizes to mitochondria. PAK5 is also targeted to mitochondria irrespective of its kinase activity [Cotteret et al., 2003; Cotteret and Chernoff, 2006; Wu and Frost, 2006] . Thus, our observation that expression of catalytically inactive PAK5 causes relocalization of Raf-1 to mitochondria supports the notion that the association of PAK5 with Raf-1 is sufficient for mitochondrial targeting.
PAK5 expression is mainly restricted to neuronal tissues Pandey et al., 2002] , and in IMR32 neuroblastoma cells and C17.2 neural stem cells endogenous PAK5 has been reported to localize to both the mitochondria and the cytosol, indicating that the localization of overexpressed PAK5 in our experiments accurately recapitulates endogenous PAK5 targeting [Cotteret and Chernoff, 2006] . These observations connected with our present data suggest that endogenous PAK5 may be expected to influence mitochondrial and cytosolic Raf-1 activation within neuronal cells. Thus it is possible that PAK5 may contribute to classical ERK/MAPK activation in the cytosol in response to stimuli governing axonal polarity and neurite outgrowth in immature neurons, or in response to signals that control synaptic plasticity in mature neurons [Sweatt, 2004; Mattson, 2007] . Because PAK5 may also regulate Raf-1 signaling at the mitochondria, its activity may be important for the response of neural cells to various stresses. For example, endogenous PAK5 has been shown to contribute to cell survival in response to an apoptotic stimulus in IMR32 cells, suggesting that PAK5 dependent signaling may contribute to anti-apoptotic activity in primary neurons [Cotteret and Chernoff, 2006] . Finally, it is important to note that the protein kinase mbt, which is the closest homolog to PAK5 in Drosophila, controls the generation and survival of neuronal structures involved in learning and memory [Melzig et al., 1998 ]. Thus, PAK5 may play multiple roles in neuronal signaling, and the interaction between PAK5 and Raf-1 demonstrated here may be an important part of PAK5 function.
